Correction of a severe accuracy problem with the in-house rotating polarizer infrared ellipsometer by DeLong, Mark Lee
CORRECTION OF A SEVERE ACCURACY PROBLEM
WITH THE IN-HOUSE ROTATING POLARIZER
INFRARED ELLIPSOMETER
Thesis
Submitted to
Graduate Engineering & Research 
School of Engineering
UNIVERSITY OF DAYTON
In Partial Fulfillment of the Requirements for 
The Degree
Master of Science in Electro-Optics
by
Mark Lee DeLong
UNIVERSITY OF DAYTON 
Dayton, Ohio
December 1985
UNIVERSITY OF DAYTON ROESCH LIBRARY
85 08440
CORRECTION OF A SEVERE ACCURACY PROBLEM 
WITH THE IN-HOUSE ROTATING POLARIZER 
INFRARED ELLIPSOMETER
APPROVED BY:
Johh7 S. Loomis, Ph.D.
Advisory Committee, Chairman
Ga-fy "a. TJriele, Ph.D.
Associate Dean/Director 
Graduate Engineering & Research 
School of Engineering
Gordon A. Sarg^/t, Ph . D .
Dean, School of Engineering
ii
ABSTRACT
CORRECTION OF A SEVERE ACCURACY PROBLEM
WITH THE IN-HOUSE ROTATING POLARIZER
INFRARED ELLIPSOMETER
Mark Lee DeLong, M.S.
University of Dayton, 1985
Major Professor: Dr. J. S. Loomis
The University of Dayton’s in-house rotating polarizer 
infrared ellipsometer inaccurately measured phase 
retardations and could not be used as a practical measuring 
tool. This thesis, which describes both theoretical and 
experimental analysis, documents the actions taken to 
investigate and correct the problem.
A rotating polarizer ellipsometer uses polarized light 
to measure fundamental optical properties of a material.
The change in polarization upon reflection is measured, and 
from this information the complex index of refraction can 
be determined. A spinning polarizer modulates the 
intensity of a polarized light beam reflecting from a 
sample, and a Fourier transform of the time-modulated 
intensity yields the ellipsometric parameters.
The author derived a set of simplified equations for 
calculating and A . Rotating polarizer
measurements were made on a variable retarder and compared 
to measurements made on the more accurate null ellipsometer
iii
to determine the error in measuring A . Nonlinear 
errors were recorded over a range in A from 0° to 
180°. A horizontal shift was observed in the 2nd 
harmonic phase of the Fourier transform of the intensity. 
This shift was directly responsible for the inaccuracy in 
measuring A . The phase shift can be modeled by a hidden 
birefringence in the ZnSe substrate layer of the wire grid 
polarizer; however, this model is not supported by a set 
of independent null measurements comparing calcite prism 
performance to wire grid performance. Since the problem is 
in the optical element itself, the phase shift induced by 
the wire grid cannot be eliminated. Substituting a calcite 
prism for the wire grid leads to correct phase recovery and 
better than 0.5° accuracy over a range in A from 
70° to 110°.
The error in measuring A can be minimized by 
either spinning a calcite prism polarizer and shifting 
measured A to near 90° retardation with a
compensator, or by calibrating the wire grid by measuring 
the offset in A and employing a fixed-point iteration 
technique to correct 2nd harmonic phase at measurement 
time. However, this technique can only guarantee results 
over limited ranges of i/z and A ? ranges which 
ironically exhibit the largest measurement errors. Such a 
calibration is thus limited, if not altogether impractical.
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CHAPTER I
INTRODUCTION
Ellipsometry is a nondestructive technique for 
studying the optical properties of a material using 
polarized light. Reflection ellipsometry is used primarily 
to determine the complex index of refraction and thickness 
of an optical coating. The complex index of refraction 
embodies the ordinary index of refraction, N, as well as 
the extinction coefficient, K, which is proportional to 
absorption.
To find N and K it is first necessary to measure a 
ratio of the complex Fresnel reflection coefficients 
inherent in the sample:
The Fresnel coefficients govern how the sample reflects 
polarized light by controlling the change in amplitude 
ratio and differential phase between s- and
1
2p-polarizations. i// measures amplitude variation
while A measures change in phase. Once and A
are known, N and K may be determined. However, only a bare 
substrate can result in a closed analytical solution for N 
and K as a function of ’A and A . Multi-layered 
samples require extensive computer modeling to correctly 
determine these fundamental optical constants.
Nevertheless, ellipsometry has become an invaluable
laboratory tool in the field of thin film design.
Null Ellipsometer Design
The null and rotating polarizer ellipsometers use 
nearly identical optical components, but each instrument 
has its own unique basis of operation. A null ellipsometer 
generates light of known polarization and measures the 
change in polarization upon reflection to determine the 
ratio of the complex Fresnel reflection coefficients.^ 
Linearly polarized light incident onto a dielectric surface 
reflects, in general, as elliptically polarized light 
because the Fresnel coefficients are different for p- and 
s-polarizations. (P- and s-polarizations resolve the
electric-field vector into two orthogonal components, with 
p-polarized light parallel to the plane of incidence. The 
plane of incidence is defined as the plane containing the 
propagation vector, K, and the normal to the surface of the
sample.) Invoking optical reciprocity, an appropriately
3oriented elliptical polarization will reflect from that
same surface as linearly polarized light, a polarization
state which can be detected by a polarizer. The
intensity exiting the ellipsometer reaches a minimum, often
termed a ’’null” condition, whenever the analyzing polarizer
is crossed with the linear light reflecting from the
sample. A polarizer-compensator pair generates the
incident elliptical polarization. Using Jones matrices to 
2model an ideal ellipsometer, it can be shown that there 
are multiple azimuthal orientations of the various optical 
components which will create a null in exiting
intensity. i/r and A are then calculated as a
function of polarizer and compensator position and
compensator retardation. Each of these alignment
conditions is called a "zone,” and it is a unique property 
of this instrument that measurements taken in complementary 
zones average together to cancel all systematic alignment 
errors. As a result, the null ellipsometer measures 
and A to an accuracy which approaches 0.01° in A
However, zone averaging is time-consuming and measurement 
time is 10 to 45 minutes or more. The null ellipsometer is 
therefore accurate, but slow.
Figure 1A schematically illustrates a downward view of 
the null ellipsometer. From left to right: a Nernst
glower (kept stable by a feedback loop) generates broadband
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5IR light. A CaF2 ^ens collimates the light into a
monochromator, which then provides wavelength tunability.
To discriminate against room lights and other background 
radiation, a chopper wheel modulates the light, and a 
lock-in amplifier passes only those detector signals which 
are locked in-phase with the rotation frequency of the 
chopper. Three irises limit the effective aperture to 
1 cm. The polarizer-compensator pair generates ellipti- 
cally polarized light, and the second polarizer (P2) in the 
detector arm nulls the linear light reflecting from the 
sample. A narrow bandpass filter discriminates IR 
wavelengths from overlapping 2nd order diffracted light. 
Finally, an cooled detector senses the intensity
exiting the system as a function of polarizer and 
compensator position and compensator retardation. Optimum 
polarizer position is calculated by measuring intensity as 
a function of polarizer position; the minimum is 
quadratically modeled, and the data are least-squares fit 
to yield the best polarizer position for the deepest null. 
In addition, the optical components are placed on top of 
large granite rails which provide stable support and 
precise manual repositioning of fitted mounts.
6RP Ellipsometer Design
A downward schematic view of the rotating polarizer 
(RP) ellipsometer is illustrated in Figure IB. The Nernst 
glower and monochromator still provide monochromatic IR 
light, but the signal is no longer chopped. A rotating 
polarizer (equipped with a position encoder) modulates the 
linearly polarized light emerging from the fixed polarizer, 
Pl. This light reflects from the sample and travels into a 
detector arm at a known angle of incidence. The third 
polarizer, P2, intercepts the reflected light. The filter 
and detector are the same as for the null instrument. Also 
illustrated in the Figure are the supporting electronics. 
Like the null instrument, this ellipsometer is under 
computer control at all times. One of the primary 
advantages of the RP system is its high measurement 
speed; L/ and A can be measured in just 10 to 20 
seconds. In comparison, the null system’s measurement time 
may range from 10 to 45 minutes or more. Despite its 
speed, however, the in-house instrument often measured 
a A which disagreed with the same null ellipsometer 
measurement by several degrees.
To illustrate, Table 1 summarizes measurements 
performed on four different samples using both null and 
rotating polarizer ellipsometers. The error in 
measuring A with the RP ellipsometer varied from 4°
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8to 6°, exceeding the original accuracy goal of 0.2°.
Since an inaccuracy in A of 4° to 6° does not 
faithfully model the sample, N and K cannot be accurately 
computed. This severe accuracy problem inhibited the 
instrument's use as a practical measuring tool.
9TABLE 1
EXAMPLE OF ERROR IN AUTOMATED MEASUREMENTS
SAMPLE
ZnSe
ThF,
PbFo
ZnS
NULL AUTO
A A
160.81 43.81 166.40 43.77
161.73 44.98 157.38 44.99
157.59 44.88 153.27 44.84
176.90 44.90 173.21 44.86
NOTE: wavelength = 2.2 microns, angle of incidence = 45
degrees, AUTO data represent averages with: nsamp=8, and 
5 data points measured per sample. Standard deviations 
in A were on the order of 0.1.
CHAPTER II
ROTATING POLARIZER THEORY
A rotating polarizer ellipsometer uses a spinning 
polarizer to modulate the intensity of a polarized light 
beam reflecting from a sample. Three applications of 
Malus's Law reveal an exiting intensity which is a 
summation of sines and cosines; a Fourier transform of the 
time-modulated intensity is therefore band-limited and 
discrete, having frequency components at even harmonics of 
the fundamental rotation frequency.
The following mathematical technique employs Jones 
matrices to model an ideal ellipsometer. The final matrix 
is an expression for the electric-field amplitude at the 
detector, and it will contain the complex Fresnel
reflection coefficients. The intensity can be mathemati­
cally expressed as a harmonic series based on the rotation 
rate of the rotating polarizer. This representation of 
intensity can be compared to a mathematical formula for the 
harmonic series, and the coefficients can be matched to one 
another. In turn, the series coefficients can be
calculated from 2nd and 4th harmonic amplitudes and phases
10
11
extracted from a Fourier transform of the time-modulated 
intensity. Finally, and A emerge as functions of
both 2nd and 4th harmonic phase and as a ratio of harmonic 
amplitudes. 5
The following derivation takes advantage of two 
simplifications. First, the orientation of the first 
polarizer is completely arbitrary. Setting it equal to 
zero (by aligning its transmision axis to the plane of 
incidence) simplifies the theory . Second, the final 
equations for t/r and A become concise by restricting 
the analyzer to ± 45° with respect to the plane of
incidence. Optimum polarizer position is not guaranteed, 
but such orientations do markedly simplify the theory.
The Jones matrix for a perfect polarizer with its 
transmission axis oriented parallel to the plane of
incidence is:
P 1 0
0 0
The derivation simplifies by defining Pl = 0 at this position 
and referencing all azimuthal angles to this plane.
Rotation through an angle A is given by:
R(A) cos(A) sin(A)
-sin(A) cos(A)
12
The sample can be described by its complex Fresnel
reflection coefficients:
S 0R
0
P
R s
The behavior of the final intensity exiting the system can 
be determined by multiplying these three matrices together 
in the proper order. The output of the ellipsometer can be 
represented by the following matrix equation:
E = [Po R(A) S R(-ot) P R(cot) Pj E L 2 r 1 o
Rotation matrices preserve coordinate reference frames so 
that each element can be modeled by its most basic Jones 
matrix. These matrices also reference all azimuthal angles 
to the plane of incidence. Explicit multiplication yields 
the basic ellipsometric design equation:
E= cos(ot)[R cos ( t) cos (A ) + R sin( co t) sin(A) ]E1 p s ox
where A = analyzer position
ot = rotating polarizer position
13
This is the electric-field amplitude at the detector. 
Intensity equals the magnitude of E squared:
2 2 2 1= l E i = l E I + l E i .x y
Then,
~ 2 2 ~ ~I = iEox' cos ( ot)[ (R cos ( co t) cos (A ) + Rssin( co t) sin( A) )
JL.
x(R cos( cot)cos(A) + R sin( cot)sin(A)) ]
P s
= I cos ( cot) [ R R cos^( cot)cos^(A) 
o p p
~ — -k
+ R R„ sin( co t)cos( co t) sin(A)cos(A)
P s
— k~
+ R R sin( cot )cos( co t) sin(A)cos(A)P s
+ R Ro sin^( cot)sin^(A) ] 
s s
where: R
s
_ - k
R R
P P _ ~ * 
R Rs s 
_ ~ * 
R R
P s - *~ 
r RP s
r ei 0<P> 
P
r ei <A(s)
r r e 
P s
r r e P s
-i A
A = <£ ( p) - </>( s)
R
= r
= r
i A
Thus , I = IQ COS^( cot) [ r ^COS^ cot)cos^(A)
+ r r sin(cot)cos( co t) sin( A) cos (A) ( e^ + e
P s
+ rg^sin^( cot)sin^(A) ]
-i A
14
Noting the following identities:
2cos( A ) = (e^A + e
sin(2A) = 2sin(A)cos(A)
intensity may be written:
2+ cos
I = I [ cos\ Cl) t) ( r ^COS^(A)) 
o p
cot)cos( cdt)sin( ot)(r r sin(2A)cos( 
P s
+ cos^( ot)sin^( ot) (r ^sin^(A)) ] 
s
A ) )
Since r , r , A, and A do not vary 
P s
static sample), new constant terms can
with time (assuming a 
be defined:
C1 = r ^cos^(A)
1 P
CQ = r ^sin^(A)
2 s
Co = r r sin(2A)cos( A )1 p s
The design equation then simplifies to:
I Iq [ C^cos4(ot) + C^cos^f ot)sinZ( ot) 
2
+ C^cos ((ot)cos(cjt)sin(cL)t) ]
15
The next step is to rewrite this intensity equation as a 
5-term harmonic series. Such a series has two useful (and 
equivalent) mathematical forms:
I == IQ[ A^ + A2sin(2eot) + A^cos(2ot)
and
+ A^sin(4<jt) + A^cos(4o»t) ],
1 = Xo[Bo + B2cos ( 2 o t-y^ ) + B^cos (4 co t-) ]
By expanding the second representation via trigonometric 
identities, the functional dependence between the A^ and 
the B^ coefficients may be determined:
a2 == B2sin( )
A3 == B2cos ( y£)
A4 == B4sin(X4)
A5 == B^cos(y^)
The Fourier transform of the modulated intensity yields
B. and y. , so the A. coefficients are known to within 1 ’ 1
the unknown multiplicative constant, I . The DC term is r ’ o
ignored because Bq is not measured. The following
identities will be useful in finding the harmonic series:
16
cos^f cot) = [cos(4cot) + 4cos(2cot) + 3 ]/8
COS^Ccot) = (1+cos(2 co t))/2
sin^(cot) = (1-cos (2 co t) )/2
cos ( co t) sin( co t) = .5sin(2cot)
2 2cos ( cot)sin (cot) = (1-cos (4 co t) )/8
Substitution gives
I = Iq[ (3Ct/8 + C2/8) + (C3/4)sin(2 co t)
+ (C^/2)cos( 2 cot) + (C^/8) sin(4 co t)
+ (C^/8 - 0^/8 )cos (4 co t) ]
The bracketed quantities can now be identified with the
A. coefficients of the harmonic series: l
A^ = (3C^ + C2)/8 [DC term]
A2 = C3/4
A3 = Cl/2
A4 = C3/8 = A2/2
A5 = (C1 " C2}/8
17
Recalling the definition of the Ck constants,
Ao = I r r sin(2A)cos( A )/4 Z ops
A-, = I r ^cos^(A)/2
□ op 
A^ = A2/2
Ar = I (r ^cos^(A) - r ^sin^(A))/8
□ o p s
The following substitutions can be made for r and r :
P s
r = a*sin( )
P
r = a*cos( )s
The ratio of r to r still preserves the ellipsometric 
P s
relation: (r /r ) = tan( 0 ), and, as will be shown,
P s
the value of 'a' need not be known. The final equations 
are also simplified by converting exponential sine and 
cosine terms to 1st degree by way of double-angle trigono 
metric identities. These substitutions lead to:
^2 = ^os:*-n^ )sin(2A)cos( A )
A^ = Cq[1 + cos(2A) - cos(2 (// ) - cos(2 0 )cos(2A)]
A^ = Cq[cos(2A) - cos(2 0- ) ] /2
where C = a^I /8 
o o
18
Ratios eliminate the unknown variable C . A ratio of o
A3 to A^ yields 0 :
A3/A5 = 2[l + cos(2A) - cos(2 0 ) - cos(2 0 )cos(2A)] 
/(cos(2A) - cos(2 0 ))
Solving for 0 ,
0 = ,5cos 'L[ (A^ + A3Cos(2A) -.5A3COS(2A))
/(A3 + A3Cos(2A) -.5A3) ]
There are three unique analyzer positions which simplify 
the above equation, but two of these positions are meaning­
less. At A = 0°, 0=0° regardless of sample proper­
ties. Similarly, at A = 90°, 0 = 90° always. When
A = + 45°, the equation simplifies to:
</> = .5cos A3/(A3 - .5A3) ]
The ratio of A2 to A3 gives A :
A = cos 1[(A2/A3)(1+cos(2A)-cos(2 0- )-cos(2 0 )cos(2A)) 
/(sin(2 0 )sin(2A))]
A degenerates to an indeterminate result at A = 0° 
and A = 90°, but simplifies at A = f 45°:
19
A = cos + (A2/A3) (1 ~ cos(2 ))/sin(2 0 )]
which can then be further reduced to
A = cos + tan( 0 ) A^/A^ J
Recalling the relations between the A^ and the Ik 
coefficients, 0 and A can be directly related to
harmonic amplitudes and phases:
0 = .5cos Bcos(y^)
A = cos +
where B = B^/B^, a ratio of 
+ refers to A=
/ {Bcos(}^) - ^cost/p)
tan( 0 )tan(]
harmonic amplitudes, 
+ 45°.
Based on Pl=0°, P2 = ± 45°, and assuming perfect 
polarizers, these final equations relate 0 and A to 
quantities calculated from the Fourier transform of the 
time-modulated intensity.
20
At least one theoretical conclusion may be drawn.
The A equation may be solved for 2nd harmonic 
phase, ^2, and theoretical dependence of on ’A
and A can be calculated. The top graph in Figure 2
plots versus A for 5 values of , while the 
bottom graph plots the slope of y versus A for the 
same 0" contours. The two plots indicate a strong 
functional dependence of on A near 90°. One 
conclusion is that y is most sensitive to A near 
quarter-wave retardation and suffers a loss in sensitivity 
near A equal to 0° and 180°. When coupled with the 
finite precision of real instruments, this loss in 
sensitivity away from 90° will cause a natural error in 
measured A over and above any other source of error.
100
O 20 40 60 80 100 120 140 160 180
DELTA (degress)
Fig. 2. Theoretical Dependence of 2nd Harmonic 
Phase and its Derivative on A as a 
Function of . 21
CHAPTER III
EXPERIMENTAL MEASUREMENTS
Measurements were made on a variable phase retarder 
(UDRI compensator #8-500) using both the null and rotating 
polarizer ellipsometers. The relative difference in 
measured A between the two instruments was then plotted 
versus null measurements of- A to gauge the relative 
inaccuracy of the rotating polarizer ellipsometer. As 
mentioned in Chapter I, null measurements of A approach 
accuracies of 0.01°, so such measurements provide an 
excellent reference for A measured by the RP instrument. 
Nonlinear errors from 4° to 9° were recorded over a 
range in A from 0° to 180°.
Analysis of the harmonic phase data revealed a 
horizontal shift in 2nd harmonic phase, versus A
which was directly responsible for the inaccuracy. The 
phase shift can be modeled by a hidden birefringence in the 
ZnSe substrate layer of the wire grid polarizer; however, 
this model is not supported by a set of independent null 
measurements comparing calcite prism performance to wire 
grid performance. As the problem is in the optical
22
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element Itself, the phase shift induced by the wire grid 
cannot be eliminated. Substituting a calcite prism for the 
wire grid leads to correct phase recovery and better than 
0.5° accuracy over a range in A from 70° to
110°. The following sections document the experimental 
details of wire grid versus calcite prism performance.
Alignment
Considerable care was taken to ensure proper optical 
alignment of the RP ellipsometer prior to any measurements. 
Very high contrast calcite prism polarizers (contrast > 
90,000) were employed as fixed polarizers, and the spinning 
element was a ZnSe wire grid polarizer. A wavelength of 
2.2 microns was selected because it fell within the 
transmission range of both types of polarizers.
Using the null ellipsometer, the calcite prism 
polarizers were crossed to better than 0.01°. Alignment 
to the plane of incidence was then performed on the RP 
ellipsometer to better than ± 0.02°. A HeNe laser was 
used to check optical axis alignment, as well as to examine 
back-reflections from all optical elements. On-axis 
back-reflections (which might otherwise create confusing 
and erroneous data) were eliminated by tilting all optical 
mounts slightly off-axis. Past experience has shown that a
slight tilt will not significantly degrade accuracy.
24
With the ellipsometer in a straight-through 
configuration, the compensator was placed on the sample 
platform normal to the optic axis with its fast-axis 
oriented parallel to the plane of incidence. Firmly 
mounted atop a 1/2” metal plate, and restrained by the 
sample platform, the compensator could be manually 
remounted to better than one millimeter. Both null and RP 
ellipsometers could analyze the sample under identical 
conditions with only minor changes in the upstream optical 
components. The compensator was calibrated for dial 
setting versus retardation by locating those dial settings 
which corresponded to zero and half-wave retardations. The 
results which follow were made only after the optical 
alignment was carefully checked and confidence was 
established in the repeatability of measurements.
Wire Grid Performance
With automated measurements referenced to null 
measurements, the error in measuring A was mapped from 
0° to 180° in 10° increments. Automated data were 
collected in one session, and null measurements followed
within the next 24 hours. Automated measurements were made 
at analyzer azimuths ± 45°. Table 2 summarizes these 
data. In this table, "RETARD” signifies intended 
retardation corresponding to a calibrated dial setting on 
the compensator (see Appendix A). Actual retardations are
25
TABLE 2
NULL VERSUS ROTATING POLARIZER MEASUREMENTS OF A 
USING A SPINNING WIRE GRID POLARIZER
RETARD Anull A @ +45 -45
AVE. STD. AVE. STD.
0 -.66 T773 TW ~9T74 .64
10 9.08 16.83 .33 16.96 .18
20 19.33 26.26 .18 26.27 .20
30 29.28 35.95 .10 36.06 .05
40 39.36 45.79 .10 45.99 .03
50 49.40 55.59 .04 55.88 .05
60 59.59 65.36 .06 65.64 .04
70 69.62 75.28 .05 75.58 .02
80 79.62 85.14 .07 85.60 .04
90 89.70 96.33 1.55 95.74 .04
100 99.71 104.90 .02 105.70 .04
110 109.61 114.80 .05 115.64 .02
120 119.69 124.83 .07 125.51 .04
130 129.68 134.62 .15 135.43 .07
140 139.78 144.31 .06 145.38 .08
150 149.74 153.91 .18 155.04 .18
160 159.75 163.43 .21 164.56 . 3 6
170 169.72 171.43 .39 172.04 .46
180 179.65 171.99 .67 170.66 .54
NOTE: wavelength == 2.2 microns , nsamp =8,5 data points
per measurement. ' RETARD.’ signifies intended retardation
corresponding to a calibrated dial setting (see Appendix 
A) .
26
based on the null measurements given in column 2. The 
0.3° to 0.4° discrepancy between intended and measured 
retardations indicates an error in compensator calibration, 
not an error in measurement. To compute error in A , 
automated measurements for A= + 45° were averaged 
together and then corresponding null measurements were 
subtracted out, as shown in Table 3. A plot of these data 
appears in Figure 3. The anomaly at A equal to 90° 
is the result of a discontinuity in 4th harmonic phase due 
to a vanishing 4th harmonic amplitude at A 90°;
4th harmonic amplitude goes to zero in this special case 
because the of the compensator is very nearly 45°.
Thus, any equation involving 4th harmonic phase is not 
necessarily well behaved at a 90° retardation. The 
largest errors occur at A equal to 0° and 180°, and 
the slope of the error function minimizes near 90°. The 
data represent the first comprehensive study of the 
in-house RP ellipsometer inaccuracy over a full range of 
phase retardations. In summary, the observed errors 
in A were so large as to render the RP instrument 
impractical and nearly useless.
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TABLE 3
ERROR IN MEASURED A USING A 
SPINNING WIRE GRID POLARIZER
A
A null AVE. +45 ERROR
-. 66 8.84 9.50
9.08 16.89 7.81
19.33 26.26 6.93
29.28 36.00 6.72
39.36 45.89 6.53
49.40 55.74 6.34
59.59 65.50 5.91
69.62 75.43 5.81
79.62 85.37 5.75
89.70 96.03 6.33
99.71 105.30 5.59
109.61 115.22 5.61
119.69 125.17 5.48
129.68 135.02 5.34
139.78 144.8 5.06
149.74 154.47 4.73
159.75 163.99 4.24
169.72 171.74 2.02
179.65 171.32 -8.33
NOTE: The second column is an average of the A
measured at f 45 degrees reported in Table 2. Error is 
calculated by subtracting null measurements from rotating 
polarizer measurements.
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A significant clue emerged when the complex phasors 
generated by the Fourier transform of the intensity were 
plotted as functions of A . From the theory derived in 
Chapter II, only 2nd and 4th harmonics of the rotation 
frequency, o, enter into the calculation of and A
Amplitudes and phases of 2nd and 4th harmonics are shown in 
Figures 4 and 5. The 2nd harmonic phase, Y » was 
horizontally shifted by about 6° from a theoretical 
x-axis intercept at A equal to 90°. Of course, the 
amplitude tracked the phase but was also horizontally 
shifted. Measurements made at an analyzer azimuth of 
-45° revealed an identical shift, as shown in Figure 6.
This result ruled out the theory that the phase error was a 
result of analyzer misalignment. The next logical step was 
to model the phase shift mathematically.
30
50
40
30
20
10
0
■10
•20
-30
1.4
i
a
"a
i : i i • s
End HAPNONIC PHASE
!yc
a
' DELTA ' ' 1
b
\' ’ ’ ’ ’ "
a i\ i
a
\ J
a.
- SPINNING ELEMENT: ' WIRE GRID ‘ \ •
1 WAVELENGTH • : ■2.2 MICRONS- X
j ANALYZER e : +45.00 DEGREES XL 3.
—3
i
0 -20 40 6* 1 KO 1^0 i £0 14<‘ lAr
DELTA (degrees)
2. ..S-"
"3.. .3"
s'
2 .s
L .-X'
-
i
'.,'r
DELTA ■ -
SPINNING ELEMENT: WIRE GRID
- WAVELENGTH : 2.2 MICRONS
ANALYZER * : ♦45.00 DEGREES
20 40 60 60 100 120
DELTA (degrees)
140 16i 160
Fig. 4. Amplitude and Phase of 2nd Harmonic versus 
A using a Spinning Wire Grid Polarizer
31
0 «-
4 I ?0 
T
SO
-0
4th HARMONIC AMPLITUDE 
VS. .
DELTA
SPINNING ELEMENT:
WAVELENGTH :
ANALYZER ? :
WIRE GRID
2.2 HERONS 
*45,00 DEGRLf:
0' 20 40 80 80 100 120 140 160 160
DELTA (depress)
SS31333 1'&
4th HARMONIC PHASE
•NZNG ELEMENT: WIRE GRID
- -
j
A -40
E -S0 -
d -30
3 -100
ANALYZER 4
2.3 HERONS
3 s S 3 s a
20 40 60 60 100 120 140 160 160
DELTA (degress)
Fig. 5. Amplitude and Phase of 4th Harmonic versus 
A using a Spinning Wire Grid Polarizer
32
50
40
30
20
10
0 ‘
10 ’
20
SO
-5-
2nd HARMONIC PHASE
VS. z
■vWAVELENGTH
ELEMEN
ANALYZER 0
WIRE GRID 
2.2 MICRONS
-45,00 DEGREE
Z,i 1:4i
i -
Fig. 6. Phase of 2nd Harmonic versus A using 
a Spinning Wire Grid Polarizer and with 
the Analyzer at -45 degrees.
33
Modeling the Phase Shift
The phase shift can be modeled by adding an extra 
phase retardation, ( , to A :
cos ( A +€)=-(- tan( )tan( ) •
Solving for A
A = cos [ + tan( i/j JtanC^)} " ( •
In this model A can be recovered exactly if e is
known. F igure 7 illustrates this model with an exaggerated
shift in 2nd harmonic phase as referenced to a quarter-wave 
retardation. After making null measurements on the 
reference point, ( can be computed:
( = cos [ + tan( )tan(>2^ “ ^null
Previous measurements were re-evaluated under this 
model to predict error in measuring A when e is 
considered. A simple correction program and related 
results are given in Appendix B. As Figure 8 shows, the
net effect on the error curve is a downward shift to an 
x-axis intercept at 90°. Attention now focused on
finding the cause of the phase shift.
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Investigation of the Optical Encoder 
As the rotating polarizer spins, an optical encoder
mounted on the hub tracks the relative position of the 
transmission axis with time. The encoder is equipped with 
128 equally spaced slots per revolution plus a single start 
pulse on a separate channel. The time-modulated intensity 
incident onto the detector is composed of a summation of 
sine and cosine terms of even harmonics, as plotted in 
Figure 9 for Pl=0°, P2=45°, and no sample. In one 
revolution the analog signal is digitized at 128 points, 
which provides an angular resolution of 2.81° per point.
A fast-Fourier-transform routine decomposes intensity 
versus time data (and hence intensity versus polarizer 
position) into complex harmonic phasors. One hypothesis 
stated that the angular resolution of 2.81° per digitized 
point could not precisely track the polarizer, and as a 
result this caused error in harmonic phase calculation.
But as the following arguments prove, angular resolution is 
not critically important so long as the slots are equally 
spaced.
Consider a finite sampling array model of the 
digitized signal, fg(t):
f (t) = f(t)rect(t/T)comb(t/t )/t s s s
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A Fourier transform of f (t) yields:s J
F (Z) = F(Z) ** Tsinc(TZ) ** comb(t Z) s s
00
= TZ sinc(TZ) ** 'V F(Z - nZ ), where Z = 1/t S s s s
n =- oo
Zg, the maximum sampled frequency, can be calculated as 
follows:
Zg = (11 rev/sec) x (128 slots/rev) = 1408 Hz .
Since f(t) is known to be a summation of sines and cosines, 
F(Z) is also known to be band-limited. The highest 
frequencies present in F(Z) will be those corresponding to 
4th harmonic terms, or 4 times the angular rotation 
frequency:
f^ = 4gj = 4 x (2 n ) x 11 rev/sec = 276 Hz .
The sampling frequency, Zs, is approximately 5 times 
greater than the highest frequency in the Fourier transform 
of f(t) , fpj. This result assures near exact recovery of 
f(t) from the digitized waveform (the sine term prevents 
ideal recovery), and it therefore guarantees accurate 
harmonic phase calculation.
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A synchronization error in the start pulse of the
encoder was a second point of concern. The following
argument dismisses this possibility by proving that such an
error would shift both harmonic phases vertically, a result
which was not observed. If there were a constant time
offset, t , such that the single pulse signal was
slightly ahead of or slightly behind the first digitized
point on the waveform, f(t) would be written as f(t+t ).o
The Fourier transform of this function would then be:
G(Z) = e ± 12 ”■ CoZ F(Z) .
Since F(Z) is itself complex, the multiplicative phase term 
adds to other phases, and it would shift all harmonics of 
G(Z) vertically by the same amount. The experimental 
evidence is to the contrary: 2nd harmonic phase was 
shifted horizontally and 4th harmonic phase was not shifted 
at all. In summary, the position encoder could not be 
responsible for the 2nd harmonic phase shift.
Investigation of The Wire Grid Polarizer
Both ellipsometers share nearly the same optical path 
with one major exception; the RP ellipsometer adds a 
spinning element, an ion-etched wire grid polarizer.
Figure 10 schematically illustrates the design of a wire 
grid polarizer. Gold is placed on top of a substrate of
40
Fig. 10. Wire Grid Polarizer Design Cross Section
41
ZnSe by vacuum deposition, and then a wire grid mask is 
ion-etched into the gold layer. These IR polarizers have a 
grating spacing on the order of microns and contrasts 
exceeding 5,000 towards the longer wavelengths.? A 
longitudinal shift in 2nd harmonic phase could be modeled 
by an added phase retardation, ( , hidden somewhere in the
system.
A new hypothesis theorized that the ZnSe substrate was 
birefringent: the layer would act as a hidden waveplate 
with wavelength-dependent phase retardation. The best 
experimental test was to simply replace the wire grid by a 
different polarizer, a calcite prism. In turn the wire 
grid was placed into the analyzer position with its 
substrate layer facing out of sample space (i.e., towards 
the detector) .
Calcite Prism Performance
Spinning the calcite prism resulted in accuracies 
in A which were better than 0.5° over a range 
in A from 70° to 110°. Phase retardations 
previously measured on the compensator were carefully 
repeated and both old and new theories were used in the 
data analysis. Results are reported in Table 4. As shown 
in Figure 11, the error in measuring A goes to zero 
at A equal to 90°, just as predicted for an ideal 
system. The top graph plots error in A for the
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TABLE 4
ERROR IN MEASURING A USING A SPINNING CALCITE PRISM
RET.
A
NULL
ORIGINAL CODE NEW CODE
A ERROR A ERROR
0 .26 8.98 8.72 9.66 9.40
10 10.28 13.93 3.65 13.93 3.65
20 20.20 22.59 2.39 22.72 2.52
30 30.26 32.33 2.07 31.88 1.62
40 40.20 41.95 1.75 41.54 1.34
50 50.10 50.90 .80 51.14 1.04
60 60.09 60.75 .66 60.76 .67
70 70.10 70.40 .30 70.50 .40
80 80.08 80.17 .09 80.12 .04
90 90.01 90.33 .32 89.87 -.14
100 99.94 99.99 .05 99.72 -.22
110 109.98 109.49 -.49 109.41 -.57
120 119.92 119.13 -.79 119.06 -.86
130 129.97 128.56 -1.41 128.63 -1.34
140 139.84 138.01 -1.83 137.94 -1.90
150 149.91 147.31 -2.60 147.09 -2.82
160 159.93 155.81 -4.12 155.98 -3.95
170 169.95 162.23 -7.72 163.06 -6.89
180 179.96 166.04 -13.92 166.39 -13.57
NOTE: wavelength = 2.2 microns, nsamp = 8, 5 data points
per measurement. Standard deviations in A were on the
order of .05 degrees from A =60 to 120 degrees.
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simplified theory, while the bottom graph plots the error 
using the original theory. The two curves are nearly 
identical. An expanded view of the top plot is given in 
Figure 12. Accuracy is better than 0.5° over a range 
from 70° to 110° in A , a definite improvement.
Plots of 2nd and 4th harmonic amplitudes and phases are 
shown in Figures 13 and 14. Harmonic amplitudes were not 
normalized under the simplified theory, so the vertical 
scales are different from previous amplitude plots.
However, the ratio of amplitudes shown in Figure 15 is 
still in agreement with earlier data. The most significant 
point is that 2nd harmonic phase is unshifted: it crosses 
the x-axis at A equal to 90° just as predicted 
for (. = 0°. The non-ideal element, the wire grid 
polarizer, had finally been isolated.
45
co
Fig. 12. Expanded View of Error in Measuring A
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Substrate Birefringence Test 
Birefringence in the ZnSe substrate could shift the
2nd harmonic phase. One way to test this hypothesis was to 
compare two null ellipsometer measurements made on an 
arbitrary sample— the first measurement using calcite 
prism polarizers, the second using wire grid polarizers.
If the substrate layers were adding phase to the system, 
the null measurements would- reveal differences between 
calcite and wire grid polarizer optics. The null system 
was carefully aligned and a straight-through measurement 
was performed to check zone average calibration (in an 
ideal empty ellipsometer A = 0° and = 45°). As 
Figure 16 illustrates, zone averages balanced and accuracy 
to better than 0.01° was observed in measuring 
and A . Measurements were then performed on a 1 1/2" 
ZnSe sample at 2.2 microns and at an angle of incidence of 
45°. Experimental results are given in Figure 17:
A=159.54° and i/r = 43.78°. The analyzer was then 
replaced by the original spinning wire grid polarizer 
oriented with its ZnSe substrate layer facing towards the 
ZnSe sample. The polarizer was aligned and new null 
measurements were made on the sample. The results are 
shown in Figure 18: A = 159.49° and ’A = 43.75°.
Finally, the first polarizer was replaced by a second wire 
grid oriented with its substrate layer also facing the ZnSe
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sample. The system was now configured for a worst possible 
case, and null measurements were repeated. The data in 
Figure 19 show a small change in A which may indicate 
the presence of birefringence. The results are summarized 
in Table 5:
TABLE 5
NULL ELLIPSOMETER SUBSTRATE BIREFRINGENCE TEST
Polarizer Combination
calcite/calcite
calcite/wire grid 
wire grid/wire grid
159.54
159.49°
159.83
NOTE: ZnSe sample (#2081-AC-2), wavelength = 2.2 microns,
angle of incidence = 45 degrees.
It should be noted that the contrast of the wire grids 
at 2.2 microns is less than the contrast of the calcite 
prisms at that wavelength, meaning that the
wire-grid/wire-grid combination is also most susceptible to 
error. Whether lower contrast accounts for the 0.3° 
spread in A , or whether a small additional phase shift 
was actually measured, the important point is that the ZnSe 
substrates did not add phase of 5° to 6° as was
experimentally expected. Moreover, individual zone 
measurements were not significantly different. In
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conclusion, null measurements indicate that the ZnSe 
substrates are not necessarily birefringent, even though 
rotating polarizer measurements behave as though there were 
a birefringence in the system.
CHAPTER IV
TECHNIQUES TO IMPROVE ACCURACY
Error in measuring A can be minimized either by 
spinning a calcite prism polarizer and shifting the 
measured A to near 90° retardation with a 
compensator, or by calibrating the wire grid by measuring 
the offset in A and employing a fixed-point iteration 
technique to correct 2nd harmonic phase during
measurements.
Minimizing Error in Ideal Systems
Since a rotating calcite prism polarizer does not 
create erroneous phase data, the most straightforward route 
to improved accuracy is to spin this polarizer instead of 
the wire grid. Unfortunately, there are two constraints 
imposed by reality: limited polarizer transmission and 
reduced accuracy away from quarter-wave retardation. In 
the case of a calcite prism, transmission extends from the 
visible to 2.8 microns, which limits the instrument to near 
IR. Original design requirements called for a 1 to 12 
micron range capability. Wavelength coverage could be 
extended by new advances in IR polarizers which do not
56
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exhibit the phase-shifting property observed in the wire 
grids.
The second constraint, the reduced accuracy away from 
quarter-wave retardation, is easier to surmount. The 
spinning calcite prism was observed to achieve accuracies 
greater than 0.5° over a range in A from 70° to 
110° and accuracies near 0.1° at A near 90°.
Given a A near 0° or 180°, accuracy can be 
significantly improved by shifting the sample A to 
90° by inserting a variable retarder into the sample 
space and later subtracting out this added phase.
Automated measurements are recorded as usual, and one null 
measurement is made on the compensator alone. This extra 
null measurement could be replaced by calibrating the 
compensator for dial setting versus retardation versus 
wavelength, the point being that the added retardation must 
be known.
Since the automated instrument only reports A in a 
range from 0° to 180°, the RP measurement near 90° 
must first be corrected to reflect a ’’full scale" result by 
adding 180° to the shifted measurement. Then the added 
phase retardation from the compensator is subtracted out to 
leave a more accurate measure of the sample's true A
The following example will help to clarify this 
technique. Measurements were made on a ZnSe sample
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(#2081-AC-2) at 2.2 microns and a 45° angle of
incidence. Figures 20 and 21 give null measurements and 
Table 6 summarizes these results.
TABLE 6
ZnSe EXAMPLE OF SHIFTING A TO MORE ACCURATE REGIONS
SYSTEM
NULL/sample 
AUTO/sample
A
159.51
157.17
43.79
44.02
AUTO/sample+comp. 86.80 43.97
AUTO/comp. alone 107.81 45.24
NULL/comp. alone 107.56 45.01
NOTE: and A reflect average values in automated
data, nsamp=8, and 5 data points per .measurement . Standa
deviations in were on the order of 0.2 deg rees.
Even with a calcite prism polarizer, the automated 
instrument is in error by 2.34° due to A being near 
180°. To improve accuracy, a compensator was inserted in 
front of the sample and adjusted to yield a net retardation 
near 90°: shift = 86.80°. Null measurements
were then performed on the compensator to find out the 
exact amount of added phase: 107.56°. The true A is 
extracted by adding 180° to the shifted measurement and
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Fig. 20. 2nd Null Measurement on ZnSe Sample
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then subtracting out the actual amount of shift:
A tme = (180° + 86-8°O) “ 107.56°
true
159.24°
The error in measuring A is now 0.27° as opposed to 
2.34°, nearly an order of magnitude improvement. The 
error in measuring A is therefore minimized when A 
is near quarter-wave retardation.
Calibrating the Wire Grid Polarizer 
Unfortunately, the phase-shifting property of the wire
grid is not easily calibrated. Although the amount of the 
phase shift, (. , can be measured, the fact that the shift 
is horizontal over A rules out phase correction by 
multiplication or addition of calibration factors. 6 can 
be measured by calibrating the instrument against a near 
quarter-wave plate of known retardation:
f = cos 1 [ + tan( ) tan( ) ] - A K 
l. CHILD.
In practice, this calibration is somewhat inconvenient 
since it requires a calibrated standard over a broad 
wavelength range. Recall the ideal theoretical equations 
for and A •
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«A = .5cos ■1'[ Bcos( '^) / (Bcos(V^) - .5cos(y2))]
A = cos + tan( i/z JtanO^) 3
where B = a ratio of harmonic amplitudes,
+ refers to A= + 45°.
•A and A are coupled to one another. Inaccurate 2nd
harmonic phase directly causes an error in A , but
because «A is also a function of y^» cbe inaccuracy also
indirectly causes an error as well. The technique of fixed
point iteration can correct 2nd harmonic phase by solving
the <A and A equations simultaneously, but it is
limited in that it cannot guarantee convergence to proper
solutions over some ranges of *A and A . Nevertheless,
this calibration scheme may grant at least marginal
performance from an otherwise inaccurate instrument.
8As pointed out by Conte and de Boor, fixed-point 
iteration is a possible method for solving the equation:
f (x) x .
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From ideal and non-ideal relations for ip and A , a 
transcendental equation in Y% can be derived:
Y2 = tan-1[cos( A ')/+ tan( 0 '))]
where
A’ = cos-1[tan ( '}tan( >/2o)j - *
0' = .5cos ifBcosC y4)/Bcos( Y4)-.5cos( y2))],
e = 2nd harmonic phase offset, and
y2o = directly measured incoherent phase.
This complicated equation is known as the "iteration
function." Beginning with the incorrect P^ase • 't^ie
function derives a new value for Y. If the new and old
values agree to within a specified tolerance, the function
has converged to the correct y , and the iteration is
complete. If the tolerance is not met, the most recent 
y2 reseeds the iteration function, which then calculates
a new y etc. However, fixed point Iteration Is not 
always guaranteed to work.
In particular, Conte and de Boor point out two
necessary criteria:
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1) The iteration function must be continuous (and 
therefore differentiable) on a closed interval, 
I=[a,b].
2) The slope of the iteration function must be less 
than 1 at the point of convergence.
The contours of Y^ versus
Recall the theoretical plots of Y^ anc^ the slope of 
versus A for various values of ft (shown in Figure 2).
A convey that the
continuity requirement is satisfied over a range in A
from 0° to 180° for i/r greater than zero. Much less 
encouraging is the plot of Y^ ’ versus A , since the 
slope of exceeds unity over some ranges of 
and A • Ironically, the ranges which violate the 
convergence condition are also the very same ranges which 
guarantee best accuracy. Second harmonic slope is less 
than one regardless of 0 from 0° to 60° and from 
120° to 180°, but these A regions also exhibit the 
most pronounced errors. Accuracy improvement (by shifting 
sample A to near 90°) would only be possible if 
were very close to 45°, which in general it is not. The 
calibration of the spinning wire grid polarizer is 
therefore limited.
To prove, nonetheless, that this technique might be 
employed, the SPELL program was again modified. New
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routines were added to handle this calibration scheme (see 
Appendix C for program code and sample output), and the 
technique was tested on the ZnSe sample previously 
measured by the spinning calcite prism system. Table 7 
summarizes the results:
TABLE 7
WIRE GRID CALIBRATION RESULTS
BEFORE AFTER NULL
ave. A 165.38 157.91 159.51
s td. .12 .12
ave. i/z 43.58 43.64 43.79
s td. .01 .01
NOTE: wavelength =2.2 microns, nsamp =8, 5 data points
per measurement, angle of incidence = 45 degrees.
The corrected value for A compares well to 
the A measured by the .spinning calcite prism under the 
same conditions ( A = 157.17 °). An error of 1.6° 
is still present due to the proximity of A to 180°.
In this special case of 0 near 45°, accuracy could be 
improved by shifting A closer to 90°, but by this 
time the additional phase calibrations are beginning to 
seriously degrade the RP ellipsometer's primary advantage-- 
its speed.
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In summary, while it is possible to calibrate the 
spinning wire grid polarizer ellipsometer, results are only 
guaranteed over limited regions of ip and A which, 
unfortunately, correspond to the regions of largest error 
in measuring A . Such a calibration is thus limited, if 
not altogether impractical.
CHAPTER V
SUMMARY AND CONCLUSIONS
The author derived a set of simplified equations for 
the ellipsometric parameters l/j and A . Rotating 
polarizer measurements were then made on a variable 
retarder and compared to null measurements to determine the 
error in measuring A . Nonlinear errors from 4° to 
9° were recorded over a range in A from 0° to 
180°. Analysis of the harmonic phase data revealed a 
horizontal shift in 2nd harmonic phase versus A which 
was directly responsible for the inaccuracy. The phase 
shift can be modeled by a hidden birefringence in the ZnSe 
substrate layer of the wire grid polarizer; however, this 
model is not supported by a set of independent null 
measurements comparing calcite prism performance to wire 
grid performance. As the problem is in the optical element 
itself, the phase shift induced by the wire grid cannot be 
eliminated. Substituting a calcite prism for the wire grid 
leads to correct phase recovery and better than 0.5° 
accuracy over a range in A from 70° to 110°.
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The error in measuring A can be minimized by 
either spinning a calcite prism polarizer and shifting 
measured A to near 90° retardation with a
compensator, or by calibrating the wire grid by measuring 
the offset in A and employing a fixed-point iteration 
technique to correct 2nd harmonic phase at measurement 
time. However, this technique can only guarantee results 
over limited ranges of Ip and A , ranges which 
ironically exhibit the largest measurement errors. Such a 
calibration is thus limited, if not altogether impractical.
In conclusion, this thesis answers many questions 
about the in-house rotating polarizer accuracy problem. It 
also raises new uncertainties. The 2nd harmonic phase 
shift can be modeled by adding 5° to 6° of phase to the 
system; however, null measurements indicated that the ZnSe 
substrates are not necessarily birefringent. Indeed, null 
measurements on an arbitrary sample using the wire grid 
polarizers (substrates facing into sample space) nearly 
matched the same null measurements made with the calcite 
prisms. But the physics of substrate birefringence in 
relation to null ellipsometer theory has yet to be
explored.
Rotation-strain induced birefringence was briefly 
investigated, since the strain caused by the centripetal 
force of rotation could conceivably cause the ZnSe
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substrate to become birefringent. This theory would have 
explained why null measurements found no definite trace of 
birefringence, even though the shift in 2nd harmonic phase 
can be modeled by added birefringence. With a compensator 
inserted to give near quarter-wave retardation, the 
rotation frequency of the spinning polarizer was varied.
If birefringence were a strong function of centripetal 
force strain, 2nd harmonic phase should have varied. There 
was no effect.
Internal reflections inside the ZnSe substrate could 
complicate the Fourier transform of the intensity. The 
physics of such a model is beyond the scope of this thesis, 
although it is a fascinating theory and worthy of serious 
consideration.
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APPENDIX A
This appendix tabulates phase retardation versus dial 
setting for the MgF2 compensator (#8-500) at a wavelength 
of 2.2 microns. Tabulated data reflect the most recent
calibration.
RETARDATION DIAL SETTING
0 .538 mm
10 .663
20 .788
30 .913
40 1.038
50 1.162
60 1.287
70 1.412
80 1.537
90 1.662
100 1.787
110 1.912
120 2.037
130 2.162
140 2.286
150 2.411
160 2.536
170 2.661
180 2.786
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APPENDIX B
This appendix contains a listing of the FORTRAN source 
code used to model predicted error in A from the 
inaccurate wire grid data. The shift in 2nd harmonic phase 
is corrected first, and then new A values are
calculated based on original measurements.
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c..................................................................................................................................................................................
c
C PROGRAM: ELL.FOR
C CREATED: 9/24/85
C
C PURPOSE: CALCULATE DELTA FROM CORRECTED 2ND HARMONIC PHASE
C
C METHOD: USING A MATHEMATICAL MODEL DERIVED UNDER A SIMPLIFIED
C THEORETICAL APPROACH, THE OBSERVED EXPERIMENTAL OFFSET
C IN 2ND HARMONIC PHASE IS CORRECTED TO YIELD AN X-AXIS
C INTERCEPT AT DELTA - 90 DEGREES.
C
c.......................................................................................................................................
c
PROGRAM ell 
S-l.O
D2R=3.1415926/180.0
EPS—ACCS(SxTAN(—5.IXD2R)) - 89.7OX02R 
NF—19
OPENC1,FILE='2PP.DAT’)
OPEN(2,FILE-’ERRORS.DAT")
OPEN (3,FILE-' NULL. DAT’ )
READ(3,X) DUMMY
WRITE(X,15) EPS/D2R
15 FQRMAT(’02ND HARMONIC PHASE, ANALYZER 8 *45 DEGREES',3X,’ 
fc, EPS- *,F8.4,/>
READ(l.X) DUMMY 
WRITE(2,X) NF 
DO 50 1 = 1,19 
READ(3,X) XO.DO 
READ tl,i) X,GAMMA
SHGAMMA—ATAN( CCS(ACOS(SxTAN(GAMMAX02R)l-EPS)/S)
DELTA-(1.0/02R)X(ACOS(SxTAN(GAMMAX02R))-EPS)
ERROR—DELTA—DO x
SHGAMMA—SHGAMMA/D2R "*
R-FLOATdx 10-10)
WRITE(2.x) R,ERROR
WRITE(X,25) R,GAMMA,SHGAMMA.DELTA, ERROR 
25 FORMAT(1X,'RET.- ’,F4.O,3X,'G2= ',F8.4,3X,’G2PRIME— ',F8.4,
S.3X.’ DELTA- ’ ,F3.4,3X, 'ER- ',F3.4>
SO CONTINUE
CLOSE(1)
CLOSE'S)
CLOSE(3)
STOP
END
RET. c. 22 = -s-4. = 22== :-.£ = -- 5362 1EL7A® £ 1212 £9^ 6 7313
= 1 -. 32 = -2.5213 5 29 = 1 ~ £ = 2726 137-74-= 12 £317 £9= 3 72 17
. .
R z. " . 30. 32 = 22.2722 22==.7.£ = —o 6430 DELTA® 30 £24 = £9.-= 1 274 =
Rz. i . = 40. 32 = 34.= 32== :r.£ = 37 2423 DELTA® 40 2176 E9.= 1 1276
RET. * 50. 22= 2?.-222 32.=9I “£ = 22 2 = 23 —M = 20 2212 £.9= = 212
RET. * 60. 32= 22.2322 22=91 M£ = 26 2626 DELTA® 60 0036 £9 = 4136
RET. = 70. 32= I-. 2223 22=91 “£ = IS =737 DELTA® 6? 3334 £9= 2634
RET. = SO. 32 = 4.2337 2299 :*-.£ = 10 1 130 DELTA® 79 7226 E4.= 1026
RET. = 90. 22 = -2.1OOO 3000 DELTA® 39 7000 £9= occo
RET. = ICO. 22 = -14.3==0 329= !.“.£ = -- 3239 DELTA® 99 4 221 £9= - 224?
P.ET. = 110. 22= -22.7332 22=9172 « -IS 3292 DELTA® 1C9 3467 £9= - 2633
RET. = 120. G2= -2?.a?o: -26 1023 DELTA® 119 34i£ £9 = - 34£5
RET. = 130. 22 = -22.03 = 0 G2=9lr.£ = — 32 2413 DELTA= 129 1045 £9= - 2722
RET. = 140. G2 = -39.0323 G29RfP!£ = —36 9391 DELTA® 133 7242 £9= -t 0223
RET. = 150. G2 = -41.5200 G2PRir.£= -40 3161 DEL74= 148 0233 £9= -1 6362
RET. = 160. G2= -43.6479 G2PRIn£= -42 6532 DELTA® 127 1112 £9= -2 6335
RET. 170. G2= -4.4.4868 G2PRltt£= -43 3347 DELTA® 163 7662 £9= -5 9533
RET. « 180. G2= -44.4432 G2PRIME® -43 7637 DELTA® 163 3191 ER= -16 3309
Stop - Program terminated.
E>
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APPENDIX C
This appendix contains FORTRAN source code of routines 
either modified or added to the ellipsometer control 
program, SPELL. The first listing is a new version of the 
ELIPQ routine which calculates yp and A based on the 
simplified theory and an ideal system (spinning calcite 
prism). The next three routines modify the SPELL program 
for calibration of the wire grid polarizer.
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c
c
c
c
c
c
c
c
c
c
c
r
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
200
205
c
300
SUBROUTINE ELIPQ
PURPOSE Calculates PSI and DELTA given complex harmonic 
phasors and polarizer orientations.
USAGE
CALL ELIP0(P,A2,A4,PSI,DELTA)
DESCRIPTION Or PARAMETERS 
A2 - COHPI.EX 2nd harmonic 
A4 - COMPLEX 4th harmonic 
P - POLARIZER POSITIONS*.
P<1> = POLARIZER --------- > MUST be zero
P(2) = ANALYZER------------> MUST be <-/- 45.00 degrees
PSI - CALCULATED 
DELTA - CALCULATED
PROGRAMMER
Mark. L. DeLona. This program is a r-art of my thesis work. 
August 19th, 1985
c
c
SUBROUTINE EL IPO(P,A2,A 4,PS I,DEL TA ) 
EXTERNAL ACOSX 
DIMENSION P(2)
COMMON /LUNTZ KI,KO,KT
COMPLEX A2,A4
DATA D2R/.017453293/
CALL PCHECKCP,IER,S)
IE(IER.GT.O) RETURN
CALL POLAR(REAL(A2 >, AIMAG(A? ) ,AH2,P2 > 
CALL POLAR(REAL(A 4 ) , A IMAG(A4 ) , AM 4 , P4 ) 
P2R*P2«D2R
P4R=P4*D2R
B=AM4/AM2
DPSI=B4C0S(P4R)-0.5<C0SCP2R)
IEtDrSI.EO . 0.0> GO TO GOO
?3IE=aAS(o,5iaC“3X(B4CCS(?4R)/D?S1))
P S I = * S IR / D 2 R •
IE ( ? S I . E 0.5 0.0 ) GO TO 3 0 0
DELTA=(1.0/D2R)i-C0SX(S»TAN;.iSIR)xT-N<P2R')
RETURN
IE (KT.NE.KO) WRITE(KT,205)
URITECXO,205)
EORMAT('0PSI RELATION UNDEEINED* DENOMINATOR IS ZERO!') 
RETURN
IE (KT.NE.KO) U R I T E < K T , 3 0 5 )
LRITECK0,305)
EORMAT ( ' OP SI = 90.0 EXACTLY' -- UNABLE TO. CALCULATE. DELTA'')
RETURN
END
4
Ideal System (Spinning Calcite Prism)
76SUBROUTINE RPCAL(LI ST,MODE)
c
C Set calibration constants for RP e 11 iesomete r
C
C ------------- NOTE: MODIFIED for spell? version---------
c
C LIST = 0 to sueeress print-out
C MODE = 0 for new measurement
C MODE = N to read calibration record N
C
COMMON /CALIB/ A2CfA4C 
COMMON /RPE/ DL0G(6)fNREC 
COMMON /LUNT/ KI ,KO.KT,MT 1 ,MT2 
COMMON /RPFIX/ FG7,EPS»AO,BO 
DIMENSION P(2)tD!6)
COMPLEX A2fA4»A2CfA4CfONE 
DATA A2CfA4C.ONE/3*(1.0f0.0 ) /
P( 1)=ANGRD( 1 >
P(2)=ANGRD!2)
N=MODE
C
C Generate calibration coefficient, from data file.
C
IF (N.LE.O) GO TO 30 
CALL GETLQG(Df6fN>
IF (D(3) .EQ.999. ) GO TO 20 
WRITE(KT , 1000) N
1000 FORMAT!/IX»15t ' is not a calibration record.'/)
RETURN
20 CALL RECT(XP»YP.D(l)<D(5>>
A2C = CMPLXtXP,YP)
CALL RECT(XPiYPfD(2)t0!&))
A4C = CMPI.X(XPfYP)
GO TO 50
C
C Initialize calibration coefficients
C
30 A2C=0NE
A4C=0NE
C
C Take measurement
C
CALL PCHECKIP r IERfS)
IF ( I F.R . G T , 0 ) RETURN 
CALL DPM(A2.A4,0>
CALL POLAR(REAL(A2)fA I MAG(A2)t7A?fZP2)
CALL POLAR(REAL(A4 ) fAIMAG!A4),2A4 f ZP4)
FG7=ZA2
PHAS2=ZP2-3*45.0
FHAS4=Z~d-?0.0
A M ? L 4 = 1 .0
CALL REC”(XCFYn,ArPL.F--A=-)
CALL RECT(X 4 f Y 4,AMPL 4 f ? H a S 4 !
C
42C=CMPL X(X2» Y2)
A4C-CMPLX(X4fY4)
c
D(1 )=AMPL2 
D(2)=AMPL4
D < 3 ) = 9 9 ? . I r i a ?. as calibration
D(4 ) = DLOG(4)
D<5)=£'HAS2 
D( 6) =ah,a = 4
CALL PUTLOG!Dfo.NPEC)
N=NREC
C
C Print results
C
50 IF (LIST.LE.O) RETURN
URITECKOr1100 > NfPf D!1) r D< 5)f D< 2)rD!6)
IF (KO.NE.KT) WRITE(KTf 1000) NfPfD(1 ) fD<5 ) rD(2 ) rD(6>
1100 FORMAT!/' Ca 1ibration' »15//3Xf'Po1 arizer Ana 1 azer'f4Xr
1 '2nd amel'r3Xt'2nd phase'f4Xf'4th a m e 1 ' » 3 X f ' 41 h phase'/
2 1Xi2F10.2f4F12.4/)
C
An Original SPELL routine modified for NO amplitude 
normalization of 2nd and 4th harmonics
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N=NREC
C
C Print results
C
50 IF (LIST.LE.O) RETURN
WRITECKO» 1100) N.P.IKl) »0<2) »0<6>
IF (KO.NE.KT) URITECKT, 1000) N r F'» 0 < 1 ) » 0 ( 5 ) » 0 ( 2 > » 0 ( 6 >
1100 FORMAT!/' Cslibrstion'iIS//3Xr'Polarizer Analyzer'HXr
1 '2nd 3mel'»3X»'2nd phase'>4X»'4th a«ie I ' > 3X » ' 4 th phase'/
2 1 X,2F 10.2,4F 1 2.4/)
C
C NOW CALL ROUTINE TO CALIBRATE AGAINST A OilARTER-UAOE PLATE
C
CALL. RF?O
RETURN
ENO
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SUBROUTINE RP90 
C
C -------- USED IN SPELL9 VERSION --------
C
PURPOSE! Handles the calibration at. DELTA = 90.
no
n 
no
n
DIMENSION P(2)
COMMON /RPFIX/ FG7,EPS,AO>BO 
COMMON /HINT/ KI,KO,KT 
DATA D2R/.017453293/
COMPLEX A2,A4
GENERATE AMPLITUDE AND PHASE DATA FOR DELTA=O CALIBRATION
LIST=1
P(1)=ANGRD( 1 )
P(2)=ANGRD(2)
CALL PCHECKCP,IER,S)
IF(IER.GT.O) RETURN
W F: I T E (K T , * ) '2nd harmonic phase Calibration!'
WRITE(KT,*) 'NULL measurement should already have been made. 
WRITE(KT,*) ' '
WRITE(KT,*> 'Enter NULL mear.u rement of DELTA'
REAIKKI,*) TDELTA
U R I T E ( K T , * ) 'INSERT calibration standard and'
URITE(KT,*> 'press RETURN to continue...'
REAIKKI,*) DUMMY
C
CALL DP M ( A 2 , A 4 , LIS T )
CALL POLAR(REAL ( A2 ) , A I MAG(A2 > , AMP2,PHAS2)
C
B0=(FG7-AMP?)/2.0 
AO=AMP2PBO
CALL ELIPQ(P,A2,A4,PSI ,DELTA)
Er S = ( 1.0/D2R ) *ACOSX < S* T AN ( PS I * D2R ) * T AN ( F’H AS?* D2R ) ) - TDELTA 
WRITE(KT,10) EPS
10 F 0 R M A T < ' EPS phase offset = ' • F 3 . 4, ' decrees')
URITE(KT,12) AO,BO
12 FORMAT(' A0 = ' ,F7 . 4 , 5X , ' BO= ',F7.4,////>
C
P E T U R N 
E S D
Sets Various Calibration Factors for Wire Grid 
Calibration Version of SPELL
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c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
20 
1 7
19
19
600
SUBROUTINE ELIF'O
PURF'OSE Calculates F'SI arid DELTA di wen complex harnionic 
ehasors and polarizer orientations.
USAGE
CALL EL IPG(P , A2»A4,PS I,DELTA)
DESCRIPTION OF PARAMETERS 
A2 - COMPLEX 2nd hanonic 
A4 - COMFLEX 4th harmonic 
P - POLARIZER POSITIONS:
P! 1) = P0LARI7ER---------- > MUST i?» zero
PI2) = ANALYZER ------------ > MUST he +/- 40.00 desrees
PSI - CALCULATED 
DELTA - CALCULATED
PROGRAMMER
Mark L. DeLone. This prosran is a part, of *>i thesis work. 
August 19th, 1985
c
c
c
c
c
SUBROUTINE ELIPOIP , A2 , A4,PS I,DELTA)
EXTERNAL G,ACOSX 
DIMENSION P!2)
COMMON /LUNT/ KI,KO,KT 
COMMON /RPFIX/ FO7,EPS,AO,BO 
COMMON /TER/ B,EPSR,S,P2R,P4R 
COMPLEX A2,A4 
DATA D2R/.017453293/
DATA XTOL Z1.E-6Z 
EPSR=EPStD2R
CALL PCHECKIP, I £ R , S )
IF ! IER.GT.0) RETURN
CALL F'0LAR!REAL!A2),AIMAG!A2),AM2,F'2)
CALL POLAR ( REAL ( A 4) ,AIMAG(A4 ) , AM4 ,P4)
B=AM4/AM2
P o p = p o *D " R
P<sRxP4xD2R
WRITE(KT,<> ‘ P SI and DELTA txt BEFORE * x x CORRECTION:'
DPS 12 = a*COS ( - ■= R > -0.5tCOS ( P2P )
IF!DPS I 2.NE.0.0) 0 0 TO 3
WRITECKT.X) 'PSI D E N 0 M . = 0! SKIPPING DOON'
s=IR2=ab={O.:<aC0SX(BxCDS(F4X)Z0?SI2))
PS I 2 * - S I R 2/P2 R
IF I PS I 2. NE.90.0) 00 TO 15
UPITEIKT.x) ' P S I = 9 0.0 i SKIPPING DOWN'
GOTO 00
DELTa2=(1.0/D2R)xAC0SX!TAN(PSIR2)*TaN(F'2R)>
URITEIKT,IA> PSI2.DELTA2
FORMAT!' PSI= ' , F 3.4,5X, 'DELTA= '.F8.4./Z)
WRITE!KT,17) A M 2
FGRM.AT (2X, 'Measured AM P 2 ! ' , F 5.4 )
A.~.2 = AO + BO*COS(ACOSX<<AM2-AO>/?0)-S?SR>
U R IT t! K i ,13) A M 2
FORMAT(2X,'CORRECTED AMP2’. ',F=.4>
B=AM4/AM2
URITE(KT,19) B
FORMAT!/,2X,'AMP4/AMP2 RATIO= ',FB.4,//>
CORRECT 2ND HARMONIC PHASE BY MEANS OF FIXED POINT ITERATION
URITEIKT,*) 'Correcting 2nd harmonic phase tvi eennr. of' 
URITEtKT,*) 'FIXED POINT ITERATION'
UR I TE(KT,600)
FORMAT(Z.9X,'P2 OLD '.1?Y.'P? NFU ' . 1OY. 'FRROR ' i
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13 F0RMATC2X. 'CORRECTED AMP25 '.F8.41
B=AM4/AM2 
URITECKT.19) B
19 FORMAT(/.2X,'AMP4/AMP2 RATIO= '.F8.4,//>
C
C CORRECT 2ND HARMONIC PHARE BY MEANS OF FIXED POINT ITERATION
C
URITE(NT.») 'Correctind 2nd harmonic phase h*i means of' 
URITE(KT,*> 'FIXED POINT ITERATION'
UR ITE(KT»600)
600 FORMAT</.9X»'P2 OLD '.J2X.'P2 NEU 1OX.'ERROR ' )
XOLO=P2R
601 FORMAT (9X , FI 1 . 7 . 12.X . FI 1 . 7 • 10X . F 1 1 . 7 )
DO 10 J=1.40
XNEU=G(XOLP)
ERROR®ABS((XNEU-XOLD>/XNEU)
WRITE(KT,601 ) XOL0/D2R» XNEU/D2R.ERROR 
IF (ERROR.LT.XTOL) GO TO 400
XOl.D = XNEU
10 CONTINUE
UR ITE(KT.4 ) ' FAILED TO CONVERGE IN 40 ITERATIONS'
RETURN
C
C
400 URITE(KT. 401 )
401 FORMAT(//>
URITE(KT.«) 'CORRECTED PHASOR DATA:'
UR ITE(KT. 1 98 ) AM2 , P2.. AM 4 . P 4
198 FORMAT(/1X»'Second Harmonic'»6X>'Fourth Harmonic'/
I . 2(4X. 'An.pl' .5X.'Phase')»/lX.2(F8.4.F10.4)//)
P2R=XNEU
BPS I = B4C0S(P4R)-0.54C0S(P2R)
IF(DPS I.EQ.O.O) GO TO 200
PS IR = ABS(0.5*ACOSX(BtCOS(P4R)/DPS I))
PSI=PSIR/02R
IFCPSI.EQ.90.0) GO TO 300 
C
DELTA®( 1 . 0/D2R)*ACOSX(TAN(PSIR)*TAN(P?R>)
RETURN
C
c
200 IF (KT.NE.KO) URITE(KT.20S>
WRITE(KO.205)
205 FORMAT!'OPSI RELATION UNDEFINED! DENOMINATOR IS ZERO'') 
RETURN
C
300 IF (KT.NE.KO) UR I TE(KT.305 )
WRITE(KO.305)
305 -CRMAI( ' OPS I = 90.0 EXACTLY! -- UNABLE TO CALCULATE DELTA'')
R £ T U R N 
END
FUNCTION G(XR)
COMMON /TER/ 5.E?SR.S,P2R.?4R 
COMMGN /LUNT/ KI.KO.KT 
COMMON /RPFIX/ FG7,EPS,AO,BO
DPSI=BxCnS(P4R)-0.5*C0S(XR)
IF(DPS I.EO.0.0 ) GO TO 100 
PSIR=0.5fACCSX(?*COS(P4R)/DPSI)
G = ACOSX ( S*TAN(PS IR)»TAN<P2R))-EPSR 
G = 4TAN(C0S<G)/(S*TaN(PSIE>) )
RETURN
100 URITE(KT»4) 'Denominator of PSI relation is ZERO!'
URITE(KT.t) 'ERROR OCCURRED INSIDE FUNCTION G(XR)' 
RETURN
END
81
- TEST
Second Hsr»onic
NSAMP
8
Arne 1 
3 .0897
Phase
•45.4581
err 
0.0568
Fourth Harmonic 
Amel Phase err
0.3923 -92.3643 0.0934
PSI and DELTA 414 BEFORE iTCGRRECiiON. 
P SI= 4 3.5969 DELTA- 165.3594
Measured A M P 2 I 
CORRECTED AriP2 t
1.0902 
1.1150
AMP4/AMP2 RATIO® 0.3533
Correcting 2nd harmonic ehsse 
FIXED POINT ITERATION
be means of
PC N E « E R R 0 R
0.0299326 
0.0004061 
0.0000053 
0.0000001
CORRECTED PKASOR DATA:
Second Harmonic 
A m e1 Phase
1.1150 -45.4551
Fourth 
A m .=• 1
0.3939
Har sio n ic
Sample Output from Wire Grid Calibration Version
